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Abstract WTG balance is used to examine how changes in the moist thermodynamic structure of the
tropics affect the MJO in two simulations of the Superparameterized Community Earth System Model
(SP-CESM), one at preindustrial (PI) levels of CO2 and one where CO2 levels have been quadrupled (43CO2).
While MJO convective variability increases considerably in the 43CO2 simulation, the dynamical response
to this convective variability decreases. Increased MJO convective variability is shown to be a robust
response to the steepening vertical moisture gradient, consistent with the findings of previous studies. The
steepened vertical moisture gradient allows MJO convective heating to drive stronger variations in large-
scale vertical moisture advection, supporting destabilization of the MJO. The decreased dynamical response
to MJO convective variability is shown to be a consequence of increased static stability, which allows
weaker variations in large-scale vertical velocity to produce sufficient adiabatic cooling to balance variations
in MJO convective heating. This weakened dynamical response results in a considerable reduction of the
MJO’s ability to influence the extratropics, which is closely tied to the strength of its associated divergence.
A composite lifecycle of the MJO was used to show that northern hemisphere extratropical 525 hPa geopo-
tential height anomalies decreased by 27% in the 43CO2 simulation, despite a 22% increase in tropical con-
vective heating associated with the MJO. Results of this study suggest that while MJO convective variability
may increase in a warming climate, the MJO’s role in ‘‘bridging weather and climate’’ in the extratropics may
not.

1. Introduction

Two fundamental features of the tropics, the large Rossby radius of deformation and the strong influence of
free tropospheric humidity on convection [Bretherton et al., 2004; Peters and Neelin, 2006; Neelin et al., 2009;
Sahany et al., 2012], help promote interactions between convection and large-scale circulations. Moisture
mode theory [Sobel et al., 2001; Raymond, 2001; Fuchs and Raymond, 2005; Raymond and Fuchs, 2009; Sobel
and Maloney, 2012; Arnold and Randall, 2015; Adames and Kim, 2016] posits that such interactions play an
important role in organizing the Madden-Julian Oscillation (MJO), an intraseasonal phenomena character-
ized by broad envelopes of enhanced and suppressed convection coupled to large-scale circulations that
propagate slowly eastward from the Indian to west Pacific Oceans [Madden and Julian, 1971, 1972; Zhang,
2005]. The MJO dominates tropical variability on weekly to monthly timescales and has such a profound
influence on tropical precipitation and wind that its signal can often be visually discerned in raw data
[Zhang, 2005]. In addition to its direct impacts on tropical rainfall and winds, the MJO strongly modulates
tropical cyclone activity in all basins [Maloney and Hartmann, 2000a, 2000b; Hall et al., 2001; Slade and
Maloney, 2013] and interacts with ENSO [McPhaden, 1999; Takayabu et al., 1999].

The influence of the MJO extends well beyond the tropics. It has long been recognized that tropical convec-
tive variability has the ability to influence the extratropics [Bjerknes, 1966] by exciting stationary Rossby
wave trains [Hoskins and Karoly, 1981; Sardeshmukh and Hoskins, 1988; Hoskins and Ambrizzi, 1993; Jin and
Hoskins, 1995; Trenberth et al., 1998], and the MJO is a well-documented example of this (see review in Lau
et al. [2012]). Briefly, the MJO has been shown to influence extratropical modes of variability including the
North Atlantic Oscillation (NAO) [Cassou, 2008; Lin et al., 2009], Northern Annular Mode (NAM) [Zhou and
Miller, 2005; L’Heureux and Higgins, 2008], Southern Annular Mode (SAM) [Carvalho et al., 2005], and the
Pacific-North-America Pattern (PNA) [Mori and Watanabe, 2008; Johnson and Feldstein, 2010], and signifi-
cantly impact regional surface temperature in North America [Vecchi and Bond, 2004; Zhou et al., 2012],
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violent tornado outbreaks in North America [Thompson and Roundy, 2013], Northern Hemisphere winter
blocking [Hamill and Kiladis, 2014; Henderson et al., 2016], and atmospheric rivers impacting the west coast
of North America [Mundhenk et al., 2016]. While the MJO subjects the extratropics to variability they would
not otherwise experience, it also helps ‘‘anchor’’ capricious extratropical weather, providing an important
source of predictability on weekly to monthly timescales [Lau and Waliser, 2012; Zhang, 2013]. Even though
medium range forecasting still poses significant challenges to the development of seamless prediction
suites aimed at bridging the gap between weather and climate, continual advancement in our understand-
ing of the MJO and its teleconnections [Roundy et al., 2010] offers prospects of progress in the years to
come [Zhang, 2013].

The findings of a growing number of studies, both observational and numerical simulation based, indicate
that MJO activity may increase as the climate system warms, suggesting a potential boon for medium range
forecasting [Hand, 2015]. The findings of Slingo et al. [1999], Jones and Carvalho [2006], and Oliver and
Thompson [2012], who used reanalysis products to examine historical changes in MJO activity, suggest that
increases in MJO activity on decadal or longer timescales may be related to increases in tropical SST.
Numerical simulations, ranging from idealized aquaplanet studies [Lee, 1999; Caballero and Huber, 2010;
Maloney and Xie, 2013; Arnold et al., 2013; Carlson and Caballero, 2016] to more realistic simulations [Schu-
bert et al., 2013; Arnold et al., 2015], have found robust increases in MJO convective activity with increasing
SST, though Maloney and Xie [2013] highlight that any future changes in the MJO are likely to be sensitive
to the spatial pattern of warming. The findings of Arnold et al. [2015] are particularly relevant to this study,
as the same simulations analyzed in that study will be investigated here. Arnold et al. [2015] analyzed MJO
activity in two 10 year simulations of the superparameterized NCAR Community Earth System Model (SP-
CESM), one at preindustrial levels of CO2 (280 ppm, hereafter PI) and one where CO2 levels have been qua-
drupled (1120 ppm, hereafter 43CO2). MJO activity was found to increase considerably in both frequency
and strength from the PI to 43CO2 simulation. A column moist static energy (MSE) budget was used to
identify the steepening of the mean MSE profile, a robust thermodynamic consequence of warming, as the
most likely cause of enhancement in MJO activity. A steepened mean MSE profile makes the export of col-
umn MSE by the anomalous circulation less efficient, thereby reducing the stabilizing effect variations in
convection have on column MSE. This mechanisms for MJO intensification with warming is supported by
the findings of Carlson and Caballero [2016], as well as more idealized studies of convective aggregation
[Arnold and Randall, 2015]. Yet Pritchard and Yang [2016] found no significant changes in the effect of verti-
cal MSE advection on the MJO across the temperature range of 25–358C in their climate sensitivity study of
the MJO, affirming the need for further work on this topic. It is also worth emphasizing that only one con-
vection permitting GCM framework (various superparameterized versions of the Community Atmosphere
Model) has been used to demonstrate amplification of the MJO with warming to this point, again highlight-
ing the need for further research on this topic.

An alternative framework for understanding the interactions between moisture, convection, and large-scale
circulations in the tropics, which provides a more detailed perspective than that provided by the column
MSE budget, has been implemented in recent studies of the MJO [Chikira, 2014; Wolding and Maloney,
2015; Janiga and Zhang, 2016; Wolding et al., 2016]. Briefly, these studies use weak temperature gradient
(WTG) balance to diagnose large-scale vertical motion from apparent heating [Sobel et al., 2001; Raymond,
2001], allowing large-scale vertical moisture advection to be decomposed into contributions from various
apparent heating processes (e.g., radiative heating, microphysical processes, etc.). This vertically resolved
WTG framework is consistent with the column MSE budget framework, and is akin to quantitatively parti-
tioning the vertical advection term of the column MSE budget into contributions from radiative heating,
microphysical processes, and subgrid scale (SGS) eddy transports. A detailed discussion of the physical
underpinnings of this framework is provided in Wolding et al. [2016]. In addition to providing a more
detailed perspective on interactions between moisture, heating, and large-scale circulations, the vertically
resolved WTG analysis provides a clear framework for assessing how these interactions are impacted by
changes in the mean state static stability and vertical moisture gradient of the tropics, making it an ideal
framework for investigating the MJO in a warming climate.

Here we have chosen perform a vertically resolved WTG analysis of the PI and 43CO2 simulations investi-
gated by Arnold et al. [2015]. As these simulations, and the associated changes in the MJO, are well docu-
mented in Arnold et al. [2015], this allows more focus to be placed on the analysis of unique findings in this
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study. In addition, this allows the findings of the vertically resolved WTG balance analysis to be directly com-
pared to the findings of the column MSE analysis implemented by Arnold et al. [2015]. This study will focus
on the impacts of increased static stability and a steepened vertical moisture gradient, as these features are
robust moist thermodynamic responses to warming. The impacts these changes have on the MJO itself, as
well as how they impact the MJO’s global influence, will be assessed using WTG theory.

This paper is organized as follows. A description of the model, experimental setup, and analysis techniques
is provided in section 2. Basic features of both simulations, and changes in the moist thermodynamic struc-
ture of the tropics, are presented in section 3. Section 4 will focus on the impacts of changes in static stabili-
ty. Moisture variance budgets of the PI and 43CO2 simulations will be compared in section 5, with a focus
on the impacts of changes in the moist thermodynamic structure of the tropics. Discussion and conclusions
will be provided in section 6.

2. Model Description, Experimental Design, and Method of Analysis

Superparameterization [Grabowski, 2001; Randall et al., 2003], whereby cloud system-resolving models
(CSRMs) are embedded within each column of a general circulation model (GCM) and used to compute ten-
dencies of moisture and temperature resulting from processes occurring on the SGS of the GCM, has several
advantages when compared to conventional parameterizations of convection. Deep convection, fractional
cloudiness, and cloud overlap are explicitly simulated, allowing for more realistic interactions between radi-
ation, clouds, and the large-scale environment. Additionally, processes occurring on the SGS are coupled to
the large-scale in such a way that their individual contributions to large-scale tendencies of moisture and
temperature are cleanly separable.

The 10 year PI and 43CO2 simulations of SP-CESM used in this study are the same used by Arnold et al.
[2015]. Briefly, this version of SP-CESM implements a two-dimensional version of the System for Atmospher-
ic Modeling (SAM) 6 [Khairoutdinov and Randall, 2003], with a single moment bulk microphysics scheme, 32
columns of 4 km width, and 28 vertical levels as the CSRM embedded within each column of the CESM ver-
sion 1.0.2 [Hurrell et al., 2013]. The NCAR Community Atmosphere Model (CAM), run with 1:9�32:5� horizon-
tal resolution, with 30 vertical levels, CAM4 physics, and a 15 min time step, serves as the atmospheric
component of the CESM, and is coupled to dynamic ocean (POP2) and sea ice (CICE) models with 1:125�3
0:63� resolution. Arnold et al. [2015, section 2] provides details of model spin-up, as well as several mean
state biases present in the PI simulation.

All season OLR-based EOF indices of the MJO, calculated for both the PI and 43CO2 simulations, are used
to produce composite life cycles of the MJO. Leading EOFs of latitudinally averaged (15�N-15�S) 20–100 day
band-pass filtered OLR were computed following the methodology that Kiladis et al. [2014] used to produce
the FMO index. These ‘‘FMO-like’’ indices will hereafter be referred to as FMO indices. The first two EOFs
explain 16.7 and 12.4% of the total variance, respectively, for the PI simulation, and 17.6 and 16.3% of the
total variance, respectively, for the 43CO2 simulation. The leading EOFs are well separated based on the cri-
teria of North et al. [1982] for both the PI and 43CO2 simulations. The structures of these EOFs, shown in
Figure 1, are consistent with the structures of the OLR components of the multivariate EOF derived by
Wheeler and Hendon [2004, Figure 1].

Analysis techniques and plotting convections similar to those used by Wolding et al. [2016], who provide a
detailed analysis of the MJO in the PI simulation, will be implemented when possible to facilitate direct
comparison with the results of that study. Moisture budget composite ‘‘snapshots’’ of the 43CO2 MJO are
produced from 19 wintertime (October–April) MJO events, selected using an index of 202100 day band-
pass filtered OLR, averaged over the area of 10�N210�S; 110�E2130�E. Following the methodology of
Wolding et al. [2016], events were defined as index minima separated by at least 20 days, where anomalous-
ly low OLR (i.e., enhanced convection) caused the index to exceed a 1.5 standard deviation threshold.

As in Wolding et al. [2016], intraseasonal moisture variance budgets are used to compare the role that vari-
ous moisture budget terms play in the destabilization of the MJO in the PI and 43CO2 simulations. The frac-
tional growth rate of intraseasonal column moisture variance contributed by moisture budget term P is
given by
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GPðp; tÞ5

ð ð
PðpÞhqidx dyð ð
hqi2dx dy

;

(1)

where q is specific humidity
that has been band-pass fil-
tered to 202100 days, and
the angled brackets repre-
sent vertical integrals from
the surface to 100 hPa. This
equation will be vertically
integrated over different lev-
els throughout this paper,
and the levels of integration
will be noted in respective
figure captions. As in
Wolding et al. [2016], the
choice was made to project
moisture budget term P(p)
onto the column-integrated
specific humidity hqi. An
alternative approach could
be to project moisture bud-
get term P(p) onto the anom-
alous moisture at each level,
q(p), and to subsequently
consider the vertical integral
of the product of those
terms. Although both meth-
ods were investigated in this
study, the former was cho-
sen on the basis that the SGS
effects of convection can
vertically redistribute mois-
ture provided by other
processes (e.g., radiative heat-
ing), such that their influence
is distributed throughout the
column. Moisture variance
budgets for both PI and
43CO2 simulations are calcu-
lated over the domain of 15�

N215�S; 60�E2180�E for all
days when their respective FMO indices exceed a magnitude of 1. Conclusions drawn from this analysis are
not sensitive to reasonable changes in the domain or magnitude threshold considered.

MJO phase composites in section 4.1.1 were produced, and their statistical significance assessed, in the fol-
lowing manner. For each phase of the MJO, dates where the magnitude of the FMO index exceeded 1 were
selected. These dates were then limited to the months of DJF, when the northern hemisphere extratropical
response to MJO heating is particularly strong. Various anomalous fields were composited together for the
selected dates for each respective phase, meant to represent anomalous conditions associated with the
MJO. Moving-block bootstrap analysis [e.g., Henderson et al., 2016] was used to assess the statistical signifi-
cance of the composites for each MJO phase, as well as the significance of the average of all eight phase

Figure 1. The two leading EOF structures of latitudinally averaged (15�N-15�S) 20–100 day
band-pass filtered OLR for the (a) PI and (b) 43CO2 SP-CESM simulations. The first two EOFs
explain 16.7 and 12.4% of the total variance, respectively, for the PI simulation, and 17.6 and
16.3% of the total variance, respectively, for the 43CO2 simulation.

Journal of Advances in Modeling Earth Systems 10.1002/2016MS000843

WOLDING ET AL. CLIMATE CHANGE AND THE MJO 310



composites. Specifically, the goal was to assess if the root mean square (RMS) of an anomalous field (e.g.,
column averaged Q1) over a given domain (e.g., 15�N215�S) was significantly larger for a given composite
than for randomly sampled days. In other words, the goal was to determine if there was a significant signal
associated with the MJO being captured in the composite. A second goal was to test if there was a signifi-
cant difference between the RMS anomalies of the PI and 43CO2 simulations. In other words, the goal was
to determine if there are significant changes in the strength of some signal associated with the MJO from
the PI to 43CO2 simulation. As in traditional bootstrap analysis, samples were taken with replacement to
approximate the distribution and characteristics of the data being used in the composites. As MJO events
often spend several consecutive days in a single MJO phase, moving-block bootstrap imposes the addition-
al requirement that samples be chosen in consecutive blocks of length l such that the effect of data auto-
correlation is preserved. A bootstrap sample of size N was produced by joining N/l randomly sampled
blocks, where N is the number of days used in the composite being assessed, and an l of 5 was used, corre-
sponding to an average persistence of 5 days in each MJO phase, and an average period of 40 days for the
entire eight phase MJO lifecycle. This process was repeated 2000 times to obtain bootstrap samples suffi-
cient to represent the distribution and characteristics of the data being used. The size of N for the eight
MJO phases composited in the both PI and 43CO2 simulations is given in the captions of Figures 6 and 7.

3. Changes From PI to 43CO2

This section will introduce differences between the PI and 43CO2 simulations that are most relevant to the
subsequent sections. As the basic state and intraseasonal variability of both simulations are well docu-
mented in Arnold et al. [2015, section 3, Figures 1–5], a limited analysis is presented here. Figures 2a and 2c
show mean SST and total precipitation variance in the PI simulation. As discussed in Arnold et al. [2015], the
PI simulation has a �1K SST cold bias relative to observations (not shown), a pronounced double ITCZ over
the Pacific Ocean, and precipitation variance that is too large over the western Indian Ocean relative to
observations (not shown). SST cold biases are a common symptom of models that produce vigorous intra-
seasonal variability [Kim et al., 2011]. The enhanced precipitation variance in the western Indian Ocean

Figure 2. (a, b) Time mean SST, (c, d) variance of unfiltered precipitation variance, (e, f) variance of precipitation filtered to eastward wavenumbers 0–5 and frequencies corresponding to
20–100 days, and (g, h) variance of 20–100 day band-pass filtered 850 hPa zonal wind for the PI simulation, and difference between the 43CO2 and PI simulations, respectively.
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contributes to unrealistic mean state low level easterlies in the Indian Ocean, which affects surface latent heat
flux (SLHF) feedbacks to the MJO [Arnold et al., 2015; Wolding et al., 2016]. Figures 2b and 2d show changes in
SST and total precipitation variance from the PI to 43CO2 simulations. SST increases everywhere, but exhibits
an El-Nino like pattern of warming. Total precipitation variance increases most dramatically over the Pacific
Ocean and has a pattern indicative of an equatorward shift of the northern ITCZ. Figures 2e and 2f show that PI
MJO precipitation variance is largest over the Indian and west Pacific Oceans and that MJO precipitation vari-
ance more than doubles in most regions in the 43CO2 simulation. MJO precipitation variance increases most
dramatically over the Pacific Ocean, consistent with the increase in total precipitation variance. Figure 2g shows
PI intraseasonal zonal wind variance at 850 hPa, which has a longitudinal distribution similar to that of MJO pre-
cipitation variance. Interestingly, despite the considerable increase in MJO precipitation variance in the 43CO2

simulation (Figure 2f), zonal wind variance actually decreases in most areas (Figure 2h). This remarkable change
was noted by Arnold et al. [2015], and Maloney and Xie [2013] used WTG balance to show that similar changes
in their aquaplanet simulations were the result of increased tropical static stability with warming. Consequences
of this change, and of increasing static stability with warming, will be a primary focus of the next section.

Figure 3a shows vertical profiles of static stability (dashed lines) and the vertical moisture gradient (solid
lines) for the PI (blue lines) and 43CO2 (blue lines) simulations, averaged from 10�N210�S; 60�E2180�E.
Both static stability and the vertical moisture gradient have increased throughout the depth of the tropo-
sphere in the 43CO2 simulation. Figure 3b shows that static stability (dashed line) increases by around 10%

Figure 3. (a) Time mean profiles of the vertical moisture gradient (solid lines) and vertical dry static energy gradient (dashed lines)
averaged over the domain 10�N210�S; 60�E2180�E for the PI (blue) and 43CO2 (red) simulations, and (b) fractional change between the
43CO2 and PI simulations.
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in the lower troposphere,
and by as much as 50% in
the upper troposphere. Simi-
larly, the vertical moisture
gradient (solid line) shows
the largest percentage
increase in the upper tropo-
sphere. Subsequent sections
will use WTG to investigate
how these changes in static
stability and the vertical
moisture gradient will
impact the MJO and its glob-
al influence.

4. Implications of
Increased Static
Stability

The tropics are characterized
by weak horizontal gradients
of temperature and pressure,
a result of effective gravity
wave adjustment given the
large Rossby radius of defor-
mation. On intraseasonal
timescales, the leading order
balance in the dry static ener-
gy (DSE, s) budget is between
apparent heating and adia-
batic cooling. This balance is
widely referred to as WTG
balance, and is given by

�x
@�s
@p

5Q1; (2)

which can be rearranged to
give

�x5
Q1
@�s
@p

; (3)

where the overbar indicates
the large-scale average of a

quantity and Q1 is the apparent heat source [Yanai et al., 1973]. In the context of the MJO, this paper takes
the perspective that intraseasonal variations in large-scale vertical motion are the result of effective gravity
wave adjustment occurring on temporal scales much shorter than, and spatial scales much larger than,
intraseasonal variations in apparent heating. Inspection of equation (3) indicates that static stability serves
as a measure of dynamic sensitivity to apparent heating, determining the large-scale vertical velocity
required for adiabatic cooling to balance apparent heating. This relationship holds to a high degree of accu-
racy in both the PI [see Wolding et al., 2016, Figure 6] and 43CO2 (see Figure A1) simulations. As static sta-
bility increases, the large-scale velocity required to balance a given amount of apparent heating decreases
[Knutson and Manabe, 1995; Held and Soden, 2006]. Given that large-scale vertical velocity results from hori-
zontal convergence and divergence acting throughout the column, it follows that the horizontal wind
response to apparent heating may also decrease as static stability increases [Maloney and Xie, 2013].

Figure 4. (a) Box and whisker plots of the root mean square (RMS) of 20–100 day band-pass
filtered 850 hPa zonal wind for the domain 10�N210�S; 60�E2180�E, binned by the RMS of
20–100 day band-pass filtered column-averaged apparent heating rate over the same domain,
for the PI (blue) and 43CO2 (red) simulations. Medians differ with 95% statistical significance if
their notched intervals do not overlap. (b) Vertical profile of the RMS 20–100 day band-pass
filtered zonal wind for the 1.75–2.00 K d21 bin in Figure 4a.
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Figure 4a shows a box and whisker plot of the RMS of 850 hPa zonal wind anomalies for the domain
10�N210�S; 60�E2180�E, binned by the RMS of column averaged Q1 anomalies for the same domain. The
central mark of each box indicates the median, the bottom and top edges of each box indicate the 25th
and 75th percentiles, respectively, the whiskers extend to the most extreme data points not considered out-
liers, and red markers indicate outliers that are more than 1.5 times beyond the interquartile range of the
lower and upper quartiles. Medians differ with 95% statistical significance if their notched intervals do not

Figure 5. DJF phase 4 composites of 20–100 day band-pass filtered column-averaged apparent heating anomalies (contours) in the
tropics, and 20–100 day band-pass filtered 525 hPa geopotential height anomalies (color shading) in the extratropics for the (a) PI and (b)
43CO2 simulations. Red lines at 15�N and 15�S denote the boundaries used for tropical and extratropical averaging in the corresponding
analysis. Solid and dashed contours correspond to positive and negative heating rates, respectively, contoured every 2 K d21 starting at
61 K d21, with the 0 K d21 contour omitted.
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overlap. Figure 4a indicates that the same amount of heating consistently produces a weaker zonal wind
response in the 43CO2 simulation (red boxes) than the PI simulation (blue boxes), with the median values
of the former being less than the latter with 95% statistical significance for each bin considered. Figure 4b,
which shows a vertical profile of the domain RMS zonal wind anomalies for the 1.75–2.00 K d21 bin, indi-
cates that the zonal wind response to a given amount of heating is weaker at all levels in the 43CO2 simula-
tion (red line) than in the PI simulation (blue line). This suggests that changes in zonal wind variance at 850
hPa (Figure 2h) are not simply a result of changes in the vertical structure of Q1 and that the dynamical
response to intraseasonal variations in heating is consistently weaker throughout the column in the 43CO2

simulation. This is consistent with the findings of Pritchard and Bretherton [2014], who noted a weakening
of the dynamic anomalies associated with the MJO despite the amplification of its convective signature in a
simulation where static stability had been inadvertently increased. It is worth noting that the increased MJO
activity in the 43CO2 simulation is accompanied by an increase in column averaged Q1 anomalies, partially
counteracting the weakened dynamical response to variations in heating. As will be shown in subsequent
sections, a reduced dynamical response to variations in apparent heating has implications for the MJO itself,
as well as implication for how the MJO forces the extratropics.

4.1. Communication Breakdown: Implications for MJO Forcing of the Extratropics
The ability of variations in tropical heating to force the extratropics through the excitation of stationary
Rossby wave trains [Hoskins and Karoly, 1981; Sardeshmukh and Hoskins, 1988; Hoskins and Ambrizzi, 1993;
Jin and Hoskins, 1995; Trenberth et al., 1998] is closely related to anomalous divergence occurring in the
presence of mean state absolute vorticity, as well as the advection of mean state absolute vorticity by the
divergent part of the anomalous wind [Sardeshmukh and Hoskins, 1988]. As increased tropical static stability
results in a decreased horizontal wind response to intraseasonal variations of apparent heating, it follows
that the MJO’s ability to excite an extratropical response may also decrease in a warming climate. Investigat-
ing this issue possess significant challenges, as mean state changes (e.g., changes in jet strength and loca-
tion) and changes in the structure of anomalous heating will influence the ability of variations in tropical
heating to force the extratropics. Two different approaches are employed in this section in an attempt to
address this issue.
4.1.1. Composite Analysis of SP-CESM Simulations
To aid understanding of subsequent analysis, begin by considering Figure 5, which shows DJF phase 4 MJO
composites of column averaged Q1 anomalies (contours) for the tropics and 525 hPa geopotential height
(Z525) anomalies (shading) for the extratropics in the PI (top) and 43CO2 simulations (bottom). The red
lines located at 15�N and 15�S are used to indicate regions used for averaging in the subsequent analysis,
where tropical averaging occurs equatorward of the lines and extratropical averaging occurs poleward of
the lines. The months of DJF were chosen because of the strong northern hemisphere (NH) extratropical
response to MJO heating at this time, and the 525 hPa level was chosen to facilitate comparison with previ-
ous studies of the MJO teleconnection patterns [Lin et al., 2009; Henderson et al., 2016], which is commonly
defined at this level. First note that anomalous heating near the maritime continent is much greater in the

Figure 6. Root mean square (RMS) of tropical 20–100 day band-pass filtered column-averaged apparent heating anomalies (top) and
northern hemisphere extratropical 20–100 day band-pass filtered 525 hPa geopotential height anomalies (bottom) for composites of each
MJO phase, and the average across all eight phase composites for the PI (blue) and 43CO2 (red) simulations. Tropical and extratropical
averaging occurs equatorward and poleward of 15�N and 15�S, respectively. Brackets indicate the 95% confidence intervals, determined
using the moving block bootstrapping analysis described in section 2. Bootstrap sample size N, corresponding to the number of days in
each phase composite, is equal to 101, 57, 59, 66, 86, 89, 36, and 52 for phases 1 through 8 of the PI simulation. Bootstrap sample size N is
equal to 84, 78, 56, 58, 71, 62, 54, and 69 for phases 1 through 8 of the 43CO2 simulation.
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43CO2 simulation than the PI simulation. This is consistent with the increased strength of the MJO in the
43CO2 simulation which Arnold et al. [2015] documented. The RMS of phase 4 column averaged Q1 anoma-
lies in the tropics has increased by 0.18 K d21, a 50% increase from the PI simulation. Now consider the NH
extratropical response to the anomalous tropical heating, which appears to have both shifted and weak-
ened in the 43CO2 simulation, despite the aforementioned increase in anomalous heating. The RMS of
phase 4 NH extratropical Z525 anomalies has decreased by 3.8 m, a 23% decrease from the PI simulation.

Similar calculations were done for each of the eight phase composites of the MJO, as well as the average
across the eight phase composites. Figure 6 shows the RMS of column averaged Q1 anomalies for the
tropics (top) and the RMS of NH extratropical Z525 anomalies (bottom) for the PI (blue) and 43CO2 (red)
simulations. Dark brackets indicate the 95% confidence bounds, calculated using the bootstrapping meth-
odology detailed in section 2. Composite values that exceed the upper bracket are significantly larger than
values obtained by compositing together randomly sampled days, indicating that there is a significant sig-
nal associated with the MJO being captured in the composite. First note that for all eight phases of both
simulations, tropical Q1 anomalies exceed the upper bracket of the 95% bounds. This provides confidence
that we are sampling heating associated with the MJO, and not simply background intraseasonal Q1 anoma-
lies. For seven of the eight phases, tropical Q1 anomalies are greater in the 43CO2 simulation than in the PI
simulation, consistent with the strengthening of the MJO in the 43CO2 simulation. The RMS of NH extra-
tropical Z525 anomalies (bottom) exceeds the 95% bounds for each of the eight phases for the PI simula-
tion (blue bars), but does so only in phases 2 and 3 of the 43CO2 simulation. This indicates the extratropical
response to MJO heating anomalies is only strong enough to exceed background Z525 anomalies in phases
2 and 3 in the 43CO2 simulation. In other words, MJO forcing of the extratropics is clearly discernible in the
PI simulation, but is much less discernible in the 43CO2 simulation. This comes as a result of the reduction
in extratropical Z525 anomalies from the PI to the 43CO2 simulation, which occurs in each of the eight
phases. Considering the average across all eight phases, extratropical Z525 anomalies are significant in both
the PI and 43CO2 simulation.

To test the significance of the changes in tropical Q1 and extratropical Z525 anomalies, a bootstrap analysis
was performed on both the absolute changes and fractional changes, shown in Figure 7. Composite values
exceeding the upper or lower brackets indicate that changes between the PI and 43CO2 simulation are signif-
icantly larger than changes obtained by compositing randomly sampled days for each simulation. In other
words, absolute and/or fractional changes associated with the MJO are greater than those occurring in back-
ground intraseasonal anomalies. Of the individual phases, only phases 2 and 4 show statistically significant
absolute increases in tropical Q1 anomalies (Figure 7a), but the average absolute increase across all eight
phases is statistically significant, consistent with the documented increases in the MJO strength [Arnold et al.,
2015]. The tendency for the brackets to be centered above the zero value indicates that background intrasea-
sonal Q1 anomalies increase from the PI to 43CO2 simulation. As a percentage increase (Figure 7b), composite
changes are not significant for any individual phase, nor are they significant for the average across all eight
phases. In other words, while a statistically significant increase in MJO Q1 anomalies occurs, the fractional
increase (i.e., rate of increase) in MJO Q1 anomalies is not significantly greater than that of background intra-
seasonal Q1 anomalies. Pritchard and Yang [2016] similarly found that MJO precipitation variability remained
an approximately invariant fraction of tropical mean precipitation variability across a wide range of climates.
Of the individual phases, phases 1, 5, and 7 show statistically significant absolute decreases in extratropical
Z525 anomalies (Figure 7c). Considering the average change across all eight phases, both the absolute
decrease (Figure 7c) and fractional decrease (Figure 7d) in extratropical Z525 anomalies are significant. Similar
decreases in extratropical geopotential height anomalies occur at all levels throughout the column (not
shown), though it is worth noting that the level of maximum geopotential height anomalies shifts slightly
upward by around 50 hPa in the 43CO2 simulation. When considering changes in anomalous extratropical
Z525 per tropical Q1 anomaly (Figures 7e and 7f) (i.e., extratropical response per unit MJO heating), significant
absolute and fractional decreases occur in the average across all eight phases, with the latter showing a 40%
decrease. In other words, over a complete MJO lifecycle, the ability for anomalous MJO heating to force an
extratropical response decreases by 40% from the PI to 43CO2 simulation.
4.1.2. Mechanism Denial With a Linear Baroclinic Model
As an alternative approach to the composite analysis above, the dry linear baroclinic model (LBM) of Wata-
nabe and Kimoto [2000] was used to help isolate the effects of changes in static stability on MJO forcing of
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the extratropics. This model linearizes the hydrostatic primitive equations on a sphere around a user provided
basic state that includes profiles of DSE and horizontal winds, and calculates a steady linear response to a user
prescribed steady heating. Four initial simulations were performed, all using the PI phase 3 DJF composite
anomalous apparent heating, limited to 15�N215�S, as the prescribed heating. The control simulation uses
the full PI DJF basic state. The second simulation, which seeks to isolate the effect of changes in horizontal
winds, uses the PI DJF basic state with the exception of horizontal winds, which were from the 43CO2 simula-
tion. The third simulation, which seeks to isolate the effect of changes in DSE (i.e., changes in static stability),
uses the PI DJF basic state with the exception of DSE, which is from the 43CO2 simulation. The fourth simula-
tion uses the full 43CO2 DJF basic state. Each simulation was run for 34 days, and the 500 hPa geopotential
height anomaly response was calculated as the average from days 20–34. Each simulation was performed at
T42 horizontal resolution, with 20 vertical sigma levels. An e-folding timescale of 2 h was used for horizontal
diffusion at the largest wave numbers, and a Newtonian damping timescale of 20 daysð Þ21 was used for all
levels except the lowest and highest, which used a 0:5 dayð Þ21 damping timescale.

The control simulation (Figure 8a), which uses the PI basic state, produces NH extratropical Z525 anomalies
that have pattern similar to the phase 4 composites of the PI simulation (Figure 5a), though of lesser magni-
tude. The LBM response to phase 3 heating most closely matches PI phase 4 composites because the former
is an approximate steady state response to stationary heating anomalies, while the latter reflects an evolving
response to an eastward moving anomalous heat source (i.e., the eastward propagating MJO). In the second
simulation, which seeks to isolate the effects of changes in basic state winds (Figure 8b), the resulting pattern
of NH extratropical Z525 anomalies shifts, but the Z525 anomalies show relatively little change in strength. In
the third simulation, which seeks to isolate the effects of changes in basic state DSE (i.e., changes in static sta-
bility) (Figure 8c), the resulting pattern of NH extratropical Z525 anomalies matches that of the control run,
but the Z525 anomalies are considerably weakened. In other words, only the strength of the extratropical
response changes. In the fourth simulation, which uses the 43CO2 basic state are used (i.e., winds and static
stability change) (Figure 8d), the pattern of NH extratropical Z525 anomalies both shifts and weakens.

Comparing the two simulations that used the PI basic state winds (i.e., Figures 8a and 8c, left), the RMS of NH
extratropical Z525 anomalies decreased by 35% from the PI to 43CO2 basic state DSE (i.e., Figures 8a–8c,
from top left to bottom left). In other words, the strength of the extratropical response decreased by 35%
when the static stability increased. Comparing the two simulations that used the 43CO2 basic state winds
(i.e., Figures 8b and 8d, right), the RMS of NH extratropical Z525 anomalies decreased by 36% from the PI to
43CO2 basic state DSE (i.e., from top right to bottom right, Figures 8b–8d). In other words, the strength of the

Figure 7. Absolute (left) and fractional (right) changes in the root mean square (RMS) of tropical 20–100 day band-pass filtered column-averaged apparent heating anomalies (top), RMS
of northern hemisphere extratropical 20–100 day band-pass filtered 525 hPa geopotential height anomalies (middle), and the ratio of the two (bottom) for composites of each MJO
phase, and the average across all eight phase composites. Tropical and extratropical averaging occurs equatorward and poleward of 15�N and 15�S, respectively. Brackets indicate the
95% confidence intervals, determined using the moving block bootstrapping analysis described in section 2. Bootstrap sample size N, corresponding to the number of days in each
phase composite, is equal to 101, 57, 59, 66, 86, 89, 36, and 52 for phases 1 through 8 of the PI simulation. Bootstrap sample size N is equal to 84, 78, 56, 58, 71, 62, 54, and 69 for phases
1 through 8 of the 43CO2 simulation.
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extratropical response decreased by 36% when the static stability increased. These reductions are very close
to the 40% reduction in the DJF extratropical response per unit MJO heating observed in SP-CESM.

The same analysis was performed on a second set of four simulations, where each used JJA phase 3 composite
Q1 anomalies and JJA basic state fields (not shown). Comparing the two JJA simulations that used the PI basic
state winds, the RMS of SH extratropical Z525 anomalies decreased by 27% from the PI to 43CO2 basic state
DSE. Comparing the two JJA simulations that used the 43CO2 basic state winds, the RMS of SH extratropical
Z525 anomalies decreased by 32% from the PI to 43CO2 basic state DSE. Equation (3) suggests that a 40%
increase in static stability, roughly that which occurs near the levels of peak anomalous heating in SP-CESM (Fig-
ure 3b), would reduce the anomalous large-scale vertical velocity produced by a given amount of heating by
roughly 30%. The pattern of static stability increase (Figure 3b), which is largest near levels of peak anomalous
heating and anomalous vertical velocity, would also contribute to weakening anomalous divergence associated
with MJO convective heating. While not conclusive, the results of this section support the idea that increasing
static stability reduces the ability of anomalous tropical heating to induce an extratropical Rossby wave response.

5. Implications of Increased Sensitivity of Large-Scale Vertical Moisture Advection
to Apparent Heating

Detailed moisture and moisture variance budget analyses were performed as part of this study, and the
moisture variance budget has been included in the Appendix for the interested reader. Results of these

Figure 8. 500 hPa geopotential height anomaly (shading) response of the dry linear baroclinic model (LBM) of Watanabe and Kimoto [2000], averaged from days 20 to 34, for four simula-
tions. Each simulation was forced with DJF phase 3 composite column averaged apparent heating anomalies (contours) within the domain of 15�N and 15�S, denoted by the red lines.
Basic state fields required by the model include horizontal winds and dry static energy (DSE). (a) Simulation using full PI DJF basic state. (b) Simulation using the PI DJF basic state, with
the exception of horizontal winds, which were from the 43CO2 simulation. (c) Simulation using the PI DJF basic state, with the exception of DSE, which was from the 43CO2 simulation.
(d) Simulation using the 43CO2 DJF basic state. More details of the LBM and the simulations are provided in section 4.1.2. Solid and dashed contours correspond to positive and
negative heating rates, respectively, contoured every 2 K d21 starting at 61 K d21, with the 0 K d21 contour omitted.
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analyses indicate that the bal-
ance of processes acting to
destabilize the MJO under-
goes relatively small changes
from the PI to 43CO2 simula-
tion, consistent with the find-
ings of Arnold et al. [2015].
This section will not address
these changes, but will
instead focus on how
changes in the mean state
moist thermodynamic struc-
ture of the tropics help sup-
port enhanced MJO activity
in the 43CO2 simulation.

Consider the moisture bud-
get, given by

@�q
@t

52Vh � r�q2�x
@�q
@p

1�M2
@x0q0

@p
;

(4)

where the overbar and prime
indicate the large-scale aver-
age of a quantity and devia-
tions from the area average
respectively, V h and x are
the horizontal and vertical
winds, respectively, q is spe-
cific humidity, and M is the
moisture tendency due to
microphysical processes. Fol-
lowing the vertically resolved
WTG framework developed
in recent studies [Chikira,
2014; Wolding and Maloney,
2015; Janiga and Zhang,
2016; Wolding et al., 2016],
equation (3) can be used to
relate large-scale vertical
moisture advection to appar-
ent heating, such that
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Figure 9. (a) Time mean profiles of �a (see equation (6)) averaged over the domain 10�N210�S;
60�E2180�E for the PI (blue) and 43CO2 (red) simulations, and (b) fractional change between
the 43CO2 and PI simulations.
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QM and QR are the DSE tendency due to microphysics and radiation, respectively. Inspection of equation (5)
indicates that apparent heating will drive more large-scale vertical moisture advection in a moist thermody-
namic environment with a larger �a [Chikira, 2014]. In that sense, �a serves as a measure of the sensitivity of
large-scale vertical moisture advection to apparent heating (see Wolding et al. [2016] for more discussion of
�a). Given that variations in large-scale vertical moisture advection plays a crucial role in destabilizing the
MJO, changes in �a caused by a warming climate are of considerable interest.

Increases in static stability and the vertical moisture gradient in the 43CO2 simulation (Figure 3) have oppos-
ing effects on �a (equation (6)). Increased static stability reduces the large-scale vertical velocity produced per
unit apparent heating (equation (3)), but the steepened vertical moisture gradient increases the moisture
advected by that vertical velocity. The effect of the increased vertical moisture gradient wins out in the
43CO2 simulation, resulting in an increase in �a throughout the troposphere (Figure 9). In other words, at a
given level, variations in apparent heating will drive stronger variations in large-scale vertical moisture
advection in the 43CO2 simulation. Absolute changes in �a are largest in the middle troposphere (Figure 9a),
while fractional changes in �a are smallest in the lower troposphere and increase with height (Figure 9b). Col-
umn averaged �a increases across most of the tropics in the 43CO2 simulation (Figure 10), with the largest
increases occurring in regions where precipitation variance has increased the most (Figure 2d).

To illustrate why this increase in �a may play a crucial role in supporting the increased strength of the MJO,
consider the composite moisture budget of the MJO in the 43CO2 simulation, shown in Figure 11. To facili-
tate comparison of PI and 43CO2 moisture budgets, Figure 11 was produced following the same methodol-
ogy and plotting conventions that Wolding et al. [2016] used to analyze the PI moisture budget (their Figure
3). Specific humidity anomalies (contours) indicate that much of the free troposphere is anomalously moist
from �110�E2160�E, consistent with the enhanced phase of the MJO. As in the PI simulation [Wolding
et al., 2016], anomalous moistening (color shading) by large-scale vertical moisture advection (Figure 11c)
opposes anomalous drying by microphysical processes and SGS eddy fluxes (Figure 11d). The net effect of
these large and opposing processes (Figure 11e), hereafter referred to as the column process [Chikira,
2014], results in further moistening of regions that are already moist. This moistening by the column pro-
cess is crucial to the destabilization of the MJO, and is opposed by horizontal advective drying during the
enhanced phase (Figure 11b). Comparing moisture budgets of the PI [Wolding et al., 2016, Figure 3] and
43CO2 simulations shows that moistening by the column process has increased considerably in the latter
(Figure 11e), helping support larger specific humidity anomalies in that simulation. Equation (5) indicates
that the increased mean state �a in the 43CO2 simulation allows MJO convective heating to drive more
large-scale vertical moisture advection, helping support this increased moistening by the column process.

Figure 12a shows the contribution that the increase in mean state �a makes to the amount of large-scale ver-
tical moisture advection MJO convective heating is able to drive in the 43CO2 simulation. As a result of the
increased mean state �a, MJO convective heating in the 43CO2 simulation produces considerable additional
moistening via large-scale vertical moisture advection, particularly from 700 to 300 hPa. The importance of
this additional moistening is evident when it is removed from the column process, as shown in Figure 12b.
Figure 12b is equivalent to subtracting Figure 12a from Figure 11e. Without the increased mean state �a,
moistening by the column process would become anemic, and would be unable to maintain specific
humidity against the increased horizontal advective drying (Figure 11b) in the 43CO2 simulation.

In order to assess if this result can be generalized over the entire MJO lifecycle for a much broader geo-
graphic area, moisture variance budgets were calculated for the PI and 43CO2 simulations. Figure 13 shows
the column process (term D) is acting to increase moisture variance in both the PI and 43CO2 simulations,

Figure 10. Time mean �a , averaged from 850 to 100 hPa, for the (a) PI simulation, and (b) difference between the 43CO2 and PI simulations.
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and that horizontal advection (term C) is acting to damp moisture variance. Remember that each term in
the moisture variance budget is normalized by domain averaged moisture variance (see equation (1)),
which increases considerably in the 43CO2 simulation (not shown). Therefore, even though individual mois-
ture budgets terms are much larger in the 43CO2 simulation (Figure 11), they result in moisture variance

Figure 11. Longitude-height sections of latitudinally averaged (5�N25�S) composite intraseasonal moisture budget terms (shading) for
the 43CO2 simulation. These terms are the (a) Eulerian moisture tendency, (b) horizontal moisture advection, (c) vertical moisture advec-
tion, (d) the net effect of the microphysical moisture tendency and subgrid-scale vertical eddy moisture flux convergence, (e) the column
process (i.e., the sum of plots (c) and (d)), and (f) the moisture budget residual. Solid and dashed contours indicate positive and negative
specific humidity anomalies, respectively, with contour intervals of 0.1 g kg21. Composites are produced from 19 independent wintertime
(October 1 to April 30) events. Grey hatching indicates regions where data has been lost as a result of proximity to the surface. The sub-
script MJO indicates application of 20–100 day band-pass filtering. Please note the color scale differs between plots. See Wolding et al.
[2016, Figure 3] for results of the PI moisture budget, produced following the same methodology and plotting convections used here.
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growth rates similar to those
of the PI simulation. Interest-
ingly, despite the increased
mean state �a in the 43CO2

simulation, destabilization by
the column process is
weaker in the 43CO2 simula-
tion than in the PI simulation
(Figure 13, term D). This will
be examined further below.
For now, consider Figure 14,
which shows how MJO mois-
ture variance is affected by
the contribution that
increased mean state �a
makes to the large-scale ver-
tical moisture advection
resulting from total apparent
heating (term A), radiative
heating (term B), and heat-
ing by microphysical pro-
cesses and SGS eddy fluxes
(term C) in the 43CO2 simu-
lation. Without the additional
large-scale vertical moisture
advection resulting from the
increased �a (Figure 14, term
A), the column process in the
43CO2 simulation (Figure
13, term D) would only be
weakly destabilizing, and
would not be able to main-
tain the elevated levels of
moisture variance (not
shown) against horizontal
advective damping (Figure
13, term C). In other words,
without the increased mean
state �a, MJO convective
heating in the 43CO2 simu-
lation would not drive suffi-
cient large-scale vertical
moisture advection to main-
tain itself at such elevated
levels.

Enhanced MJO convective
heating in the 43CO2 simula-
tion is accompanied by an
increasingly top-heavy heat-

ing profile. Figure 15a shows profiles of the RMS of apparent heating anomalies over the entire PI and 43CO2

simulations, for the domain 15�N215�S; 60�E2180�E. Almost all of the additional heating variability in the
43CO2 simulation occurs above 500 hPa, and the level of peak heating shifts notably upward. This upward shift
may result from a strengthening of the convective anomalies, as well as from more basic energetic and thermo-
dynamic properties of the warmer climate [Bony et al., 2016]. Profiles of RMS radiative heating anomalies (Figure

Figure 12. As in Figure 11, except the color shading shows (a) the contribution that changes
in time mean �a between the PI and 43CO2 simulation make to large-scale vertical moisture
advection in the 43CO2 simulation, and (b) the column process without the contribution
changes in �a make to large-scale vertical moisture advection. Figure 12b is equivalent to sub-
tracting Figure 12a from Figure 11e. The subscript MJO indicates application of 20–100 day
band-pass filtering.
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15b) become more top heavy, yet the upward shift in total apparent heating (Figure 15a) results from change in
convective heating to first order. Remember that �a decreases with height (Figure 9), so this upward shift in peak
heating counteracts some of the effect of increased �a. This may help explain why the column process drives
slightly weaker moisture variance growth in the 43CO2 simulation. In short, MJO convective heating occurring in
a moist thermodynamic environment with increased �a is able to more efficiently resupply itself with moisture,
supporting enhanced levels of convection. The enhancement of convection is accompanied by a transition to a
more top-heavy heating profile, driving down the efficiency with which MJO convection resupplies itself with
moisture until its growth is once again limited by horizontal advective damping.

5.1. Comparison With Previous Studies
As previously stated, the vertically resolved WTG framework is consistent with the column-integrated MSE
framework used by previous studies of the MJO and climate change [Arnold et al., 2013, 2015; Carlson and
Caballero, 2016; Pritchard and Yang, 2016]. The results of this section support one of the primary conclusions
reached by several of these studies, namely that the increase in the mean state vertical MSE gradient in the
lower troposphere, and the elevation of the midtropospheric minimum in MSE, help support MJO activity
by increasing up-gradient MSE transport via vertical MSE advection [Arnold et al., 2013, 2015; Carlson and
Caballero, 2016]. The consistency of these results can be highlighted by using the vertically resolved WTG
balance framework (see equation (3)) to express large-scale vertical advection of MSE in terms of �a and Q1,
giving 2h�x @�h

@pi5hQ1 �a21ð Þi. This study has provided some additional insight to this mechanism, highlight-
ing that increasing �a in the middle and upper troposphere (Figure 9), where heating variations are large,

Figure 13. Vertically integrated contributions various budget terms make to the column moisture variance growth rate in the PI (blue) and
43CO2 (red) simulations, corresponding to the vertical integral of equation (1). Column moisture was calculated by vertically integrating
from the surface to 100 hPa, as were terms A through D. The area weighted integral has been taken from 15�N-15�S; 60�E-180�E, averaged
for every day where the magnitude FMO index exceeded a value of 1 for the respective simulations. The subscript MJO indicates
application of 20–100 day band-pass filtering.

Figure 14. As in Figure 13, except for the contribution that changes in time mean �a between the PI and 43CO2 simulation make to large-
scale vertical moisture advection resulting from variations in (a) apparent heating, (b) radiative heating, and (c) heating by microphysical
processes and SGS eddy fluxes of DSE in the 43CO2 simulation. All terms were vertically integrated from 850 to 100 hPa, as they depend
on the weak temperature gradient approximation.
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plays an important role in
driving additional large-scale
vertical moisture advection
in a warming climate. Yet the
results of Pritchard and Yang
[2016], who assessed the cli-
mate sensitivity of the MJO
across temperatures span-
ning 1–358C and found MJO-
like variability in even the
coldest climates, challenges
the notion of a critical tem-
perature threshold for desta-
bilization of the MJO.

Carlson and Caballero [2016]
proposed a second mecha-
nisms for MJO intensification,
whereby a transition to
superrotation in a warming
climate allows extratropical
eddies to more easily pene-
trate the tropics, weakening
the mean state meridional
moisture gradient and reduc-
ing the impact of horizontal
advective damping of MJO
moisture variance by higher-
frequency convective vari-
ability. This mechanism does
not appear to play a role in
the 43CO2 simulation, as no
transition toward superrota-
tion is evident in the near

equatorial profile of zonal wind (not shown). Additionally, moisture and moisture variance budgets, provid-
ed in the appendix, show no indication of changes in horizontal advective damping by higher-frequency
convective variability in the 43CO2 simulation.

It is also worth highlighting that destabilization by radiative feedbacks, presented in more detail in the
Appendix and in Figure A3, weaken slightly in the 43CO2 simulation. This is consistent with the findings of
Pritchard and Yang [2016], who found the strength of the radiative feedback decreased considerably with
warming in their simulations spanning 1–358C. While the more top-heavy profile of radiative heating anom-
alies (Figure 15b) in the 43CO2 simulation suggests the weakening radiative feedback may be related to
changes in the vertical structure of the radiative heating anomalies, the results of Adames and Kim [2016]
and Bony et al. [2016] may provide some additional insight. Bony et al. [2016] showed that increased static
stability results in the decreased spreading of convective anvils at upper levels in a warming climate, and
Adames and Kim [2016] demonstrated a scale dependence of the radiative feedback. Further work should
be done to identify the mechanism(s) responsible for weakening radiative feedbacks with warming.

6. Discussion

Interactions between convection, large-scale circulations, and moisture are strongly influenced by the moist
thermodynamic structure of the environment in which they occur, and such interactions are thought to
play an important role in destabilizing the MJO. In this study, the vertically resolved WTG framework has
been used to examine how the MJO may be affected by the changing moist thermodynamic structure of

Figure 15. (a) Profiles of the RMS of 20–100 day band-pass filtered apparent heating
anomalies, calculated over the entire PI (blue) and 43CO2 (red) simulations for the domain
15�N215�S; 60�E2180�E. (b) As in Figure 15a, except for longwave (dashed) and shortwave
(dot-dashed) radiative heating anomalies.
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the tropics as the climate system warms. Analysis of two SP-CESM simulations, one at preindustrial levels of
CO2 (280 ppm, hereafter PI) and one where CO2 levels have been quadrupled (1120 ppm, hereafter
43CO2), support the following main conclusions:

1. Intraseasonal variations in tropical convective heating will become more efficient at driving variations in
large-scale vertical moisture advection as the climate system warms, aiding destabilization of the MJO.

2. Increasing static stability will reduce the dynamical response to intraseasonal variations in tropical con-
vective heating as the climate system warms.

3. The weakening dynamical response to intraseasonal variations in tropical convective heating will reduce
the MJO’s ability to influence the extratropics as the climate system warms.

Each of these conclusions will now be discussed in turn.

WTG balance provides a useful framework for understanding how changes in static stability and the vertical
moisture gradient will alter interactions between convection, large-scale circulations, and moisture as the
climate system warms. Increasing static stability and a steepening vertical moisture gradient have opposing
effects on the ability of convection to drive large-scale vertical moisture advection. In the 43CO2 simulation,
the effect of the steepened vertical moisture gradient surpasses the effect of increased static stability, allow-
ing variations in convection to drive greater variations in large-scale vertical moisture advection in the
warmer climate. This is true throughout the troposphere, with the largest fractional changes occurring in
the middle and upper troposphere. The increased variations in large-scale vertical moisture advection pro-
mote moisture variance, aiding in the destabilization of the MJO. In other words, the moist thermodynamic
environment in the 43CO2 simulation allows MJO convective heating to more efficiently resupply itself
with moisture, supporting elevated levels of convection. This conclusion is consistent with the findings of
several previous studies that used the column MSE budget approach [Arnold et al., 2013, 2015; Carlson and
Caballero, 2016]. The balance of processes acting to destabilize the MJO underwent relatively small changes
from the PI to 43CO2 simulation (see Appendix), lending credence to the notion that increased MJO activity
may be a robust response to a warming climate.

Increasing static stability reduces the large-scale vertical velocity required for adiabatic cooling to balance
diabatic heating, resulting in a weaker dynamical response to intraseasonal variations in convection in the
43CO2 simulation. This occurs throughout the troposphere, but is largest in the middle and upper tropo-
sphere. As large-scale vertical motion is associated with horizontal convergence/divergence acting through-
out the column, a decrease in horizontal wind variance occurs at all levels in the 43CO2 simulation,
consistent with the findings of Maloney and Xie [2013].

The reduced dynamical response to MJO convective variability has implications for SLHF feedbacks to the
MJO. Surface flux feedbacks to the MJO depend on background low-level winds, to which intraseasonal
wind anomalies add constructively or destructively [Shinoda et al., 1998; Riley Dellaripa and Maloney, 2015].
Additionally, SLHF feedbacks depend on the absolute air-sea moisture deficit, and the covariance between
SLHF anomalies and column moisture anomalies. These dependences present significant challenges to
assessing how SLHF feedbacks may change in a warming climate, as realistic assessment of such changes
depends not only on accurately simulating these relationships in the current climate, but also on accurately
simulating how these relationships will change as the climate system warms. Arnold et al. [2015] found that
a reduced air-sea moisture deficit contributed to weakened SLHF feedbacks in the 43CO2 simulation. The
results of this study suggest that a weakened dynamical response to MJO convective variability may also
contribute to weakened SLHF feedbacks as the climate system warms.

The reduced dynamical response to MJO convective variability also impacts the MJO’s ability to influence
the extratropics. The excitation of Rossby wave trains by tropical convective variability is closely related to
anomalous divergence driven by such variability [Sardeshmukh and Hoskins, 1988]. Northern hemisphere
(NH) extratropical 525 hPa geopotential height (Z525) anomalies associated with the MJO were shown to
be significantly weaker in the 43CO2 simulation, despite a significant increase in MJO heating anomalies.
The ratio of the root mean square (RMS) of NH extratropical Z525 anomalies to RMS anomalous MJO heat-
ing was reduced by 40% in the 43CO2 simulation. In other words, the ability of MJO convective heating to
force the extratropics was reduced by roughly 40% in the 43CO2 simulation. The linear baroclinic model
(LBM) of Watanabe and Kimoto [2000] was used to isolate the effect of changing static stability on MJO forc-
ing of the extratropics from the effects of changes in climatological winds and changes in the structure of
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MJO heating anomalies. Results of the LBM analysis show decreases in the ability of MJO convective heating
to force the extratropics that are comparable to those seen in SP-CESM. While not conclusive, the LBM
results support the idea that decreases in the ability of MJO convective heating to force the extratropics
result from increased tropical static stability.

The MJO drives changes in both means and extremes across the globe, and serves as the primary source of
predictability on weekly to monthly timescales. Given the MJO’s prominent role in ‘‘bridging weather and
climate’’ [Zhang, 2005], it is tempting to suppose that, as the climate system warms, increased MJO activity
may help ameliorating the medium-range forecasting woes faced by seamless weather prediction efforts.
Results of this study suggest that, even though MJO convective heating is likely to increase in a warming cli-
mate, the MJO’s influence on the extratropics may not. The authors of this study would like to emphasize
that the WTG balance relationships discussed here are applicable to phenomena besides the MJO (e.g.,
ENSO). The WTG balance framework may provide insight to how other phenomena, and their impacts (e.g.,
ENSO teleconnections), may change as the climate system warms.

Appendix A

A1. Moisture Variance Budget Analysis

Before examining the moisture variance budget, consider Figure A1, which highlights the exceptional accu-
racy of the vertically resolved WTG framework. Both the anomalous large-scale vertical velocity and anoma-
lous large-scale vertical moisture advection (Figures A1a and A1b) are well diagnosed using WTG balance
(Figures A1c and A1d), with very little error (Figures A1e–A1g) being evident throughout the free tropo-
sphere. WTG diagnosis of large-scale vertical moisture advection does not work as well in the boundary lay-
er. Therefore, a conservative limit of 850 hPa has been adopted for the vertical integration of terms in the
moisture variance budget which depend upon WTG balance.

Figure A2 shows more comprehensive decomposition of the moisture variance budget presented in Figure
13. Remember that moisture variance budget terms are normalized by domain averaged moisture variance
(see equation (1)). Therefore, even though individual moisture budgets terms are much larger in the 43CO2

simulation (Figure 11), they may result in similar growth rates as those in the PI simulation. Comparing the PI
and 43CO2 moisture variance budgets highlights any changes (or lack thereof) in the balance of processes
acting to destabilize the MJO. As discussed in section 5, the column process (term D) promotes the growth of
moisture variance while horizontal advective damping (term C) limits moisture variance growth, and both
terms weaken slightly in the 43CO2 simulation (red). The column process (term D) can be decomposed in
contributions from total radiative heating (term E) and the net effect of microphysical processes and SGS
eddy fluxes (term F). The latter (term F) can be further decomposed into contributions from SLHF feedbacks
(term G) and SGS convective processes (term H, i.e., convection in the absence of radiative and surface flux
feedbacks). Destabilization by both radiative feedbacks (term E) and SGS convective processes (term G) weak-
ens in the 43CO2 simulation, consistent with the progression to more top-heavy heating profiles discussed in
Figure 15, and helping explain the modest weakening of destabilization by the column process (term D). Fig-
ure A3 shows the decomposition of the total radiative feedback (term A) into contributions from longwave
(term B) and shortwave (term C) components. The modest weakening in destabilization by total radiative
feedbacks in the 43CO2 simulation primarily results from the longwave component (term B), again consistent
with the more top-heavy heating profiles discussed in Figure 15. Again, it is worth emphasizing that the weak-
ening radiative feedback may also be related to the mechanisms described by Bony et al. [2016], whereby
increased static stability results in a decreased spreading of convective anvils at upper levels, or to the scale
dependence of the radiative feedback described by Adames and Kim [2016]. Taken as a whole, Figure A2 sug-
gests that no large change in the balance of processes acting to destabilize the MJO occurs.

In order to ensure that no large compensating changes occur in the balance of processes acting to destabi-
lize the MJO, horizontal advection and large-scale vertical moisture advection are further decomposed. As
in Chikira [2014] and Wolding et al. [2016], horizontal advection can be decomposed as

2 Vh � r�q
� �

MJO
52 Vh;LP20 � r�qLP20

� �
MJO

2 Vh � r�q
� �

HF
; (A1)

where
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Figure A1. As in Figure 11, except the color shading indicates the anomalous (a) large-scale vertical velocity and (b) vertical moisture advection in the 43CO2 simulation, the anomalous
(c) large-scale vertical velocity and (d) vertical moisture advection diagnosed using weak temperature gradient balance assumptions, and the difference between the actual and
diagnosed (e) large-scale vertical velocity and (f, g) vertical moisture advection. The subscripts LP3 and MJO indicate application of 3 day low-pass and 20–100 day band-pass filtering,
respectively. Please note the color scale of Figure A1g differs from that of Figures A1b, A1d, and A1f.
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Figure A2. As in Figure 13, except expanded to include additional terms. The subscripts LP3 and MJO indicate application of 3 day low-
pass and 20–100 day band-pass filtering, respectively. Terms E, F, and H were vertically integrated from 850 to 100 hPa, as they depend on
the weak temperature gradient approximation.

Figure A3. As in Figure 13, except for various radiative heating terms. The subscripts LP3 and MJO indicate application of 3 day low-pass
and 20–100 day band-pass filtering, respectively. Each term was vertically integrated from 850 to 100 hPa, as they depend on the weak
temperature gradient approximation.

Figure A4. As in Figure 13, except for various horizontal advective terms. The subscripts LP20 and MJO indicate application of 20 day low-
pass and 20–100 day band-pass filtering, respectively. The subscript HF indicates terms related to higher-frequency variability, calculated
following equation (A2).
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Vh � r�q
� �

HF
5 Vh;LP20 � r�qHP20

� �
MJO

1 Vh;HP20 � r�qLP20

� �
MJO

1 Vh;HP20 � r�qHP20

� �
MJO

; (A2)

and the subscript HP20 indicates the application of 20 day high-pass filtering. Similarly, using WTG balance,
large-scale vertical moisture advection can be decomposed as

2 �x
@�q
@p

� �
MJO

5
1
Lv

�aLP20 Q1;LP20
� �

MJO1 �a Q1ð ÞHF

� �
; (A3)

where

�a Q1ð ÞHF5 �aLP20 Q1;BP3220
� �

MJO1 �aBP3220 Q1;LP20
� �

MJO1 �aBP3220 Q1;BP3220
� �

MJO; (A4)

and the subscript BP3220 indicates the application of 3220 day band-pass filtering. The first term on the
right-hand side of equations (A1) and (A3) result from slowly varying fields, while the second term on the
right-hand side of both equations results from the presence of higher-frequency variability. These terms will
be referred to as the horizontal advection and large-scale vertical moisture advection resulting from slowly
varying fields and higher-frequency variability, respectively. Figure A4 shows total horizontal advection
(term A) decomposed into contributions by slowly varying fields (term b) and higher-frequency variability
(term C), respectively. In both simulations, horizontal advective damping (term A) results from the modu-
lation of higher-frequency variability on intraseasonal timescales (term C), and the efficacy of this damp-
ing of moisture variance shows no change from the PI to 43CO2 simulation. As discussed in Wolding et al.
[2016], modulation of higher-frequency convective variability also contributes to destabilization by large-
scale vertical moisture advection, offsetting some of the horizontal advective damping effect. Figure A5
shows the total effect of higher-frequency convective variability, broken down into contributions from
horizontal advection (term B) and large-scale vertical moisture advection (term C). Almost no change
occurs in the effect of higher-frequency variability between the PI and 43CO2 simulations. These results
further support the conclusion that no large changes occur in the balance of processes acting to destabi-
lize the MJO.
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